Abstract. Hepatocellular carcinoma (HCC) has become a global health concern and is one of the leading causes of cancer death after lung and gastric cancers. It has been suggested that the 3-hydroxy-3-methyl-glutarylcoenzymeCoA (HMG-CoA) reductase inhibitor simvastatin exhibits anticancer properties. To this end, we analyzed the influence of simvastatin on the cell growth and adhesion of HCC and evaluated the yet poorly characterized mechanism of action of simvastatin in HCC. HepG2 and Huh7 cells were treated with simvastatin (16-64 μM) for different time periods. Cell proliferation using the MTT assay and tumor cell adhesion to endothelial cell monolayers were evaluated. ß1, ß3 and ·2 integrin adhesion receptors and the downstream target of simvastatin Rho-dependent kinase (ROCK) were analyzed by Western blot. Further blocking studies with the ROCKinhibitor H1152 and anti-integrin ß1 and ß3 antibodies were carried out. Simvastatin treatment inhibited dose-dependently tumor cell growth and attachment to endothelium. The inhibitory effect of simvastatin on cell adhesion was associated with decreased expression of ß1, ß3 and ·2 integrins. Furthermore, simvastatin strongly reduced the expression of ROCK-I and activated MYPT, an indicator of ROCK activity. Also, the ROCK-inhibitor H1152 reduced the adhesive capacity of the tumor cells. Anti-adhesive effects of simvastatin were prevented by exogenous mevalonate, a downstream product of HMG-CoA. Tumor cell adhesion to endothelium was significantly impaired following incubation with functional anti-ß1 antibody. Simvastatin modifies the expression of cell adhesion molecules leading to reduced tumor cell growth and invasion. These beneficial effects of simvastatin may be mediated by ROCK. The data presented may point to novel treatment options for HCC.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignancies and causes of cancer death worldwide (1) (2) (3) . It is characterized by a poor prognosis due to a high potential for metastasis and recurrence within a short time (4, 5) . Simvastatin, a 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitor, is a widely used and well tolerated drug for treating hypercholesterolemia, coronary heart disease and stroke (6) . Mevalonate biosynthesis is catalyzed by HMG-CoA reductase (6) . Simvastatin reduces the synthesis of mevalonate by inhibiting HMG-CoA reductase finally leading to the blockade of Rho GTPases with their effector proteins ROCK (7, 8) . Since ROCK is involved in tumor cell migration, invasion and spreading, it is suggested that downregulation of these proteins by simvastatin may reduce tumor cell proliferation, apoptosis and dissemination (8) (9) (10) . Indeed, novel reports demonstrate that simvastatin treatment exerts further anticancer effects in several human malignancies, including breast, colon and prostate cancer (11) (12) (13) .
Given the need for alternative options, these findings and the limited knowledge about the simvastatin effects on HCC prompted us to evaluate its potential therapeutic options for HCC. Therefore, we analyzed the cell growth and adhesion capacity after simvastatin treatment in HepG2 and Huh7 cell lines. The expression pattern of integrin subunits was further evaluated by Western blot and correlated with tumor cell growth and adhesion to an endothelial cell monolayer.
Integrins comprise the major class of cell surface receptors mediating cell-cell and cell-extracellular matrix (ECM) interactions (14) . Integrins are a large family of heterodimeric transmembrane receptors composed of · and ß subunits (14) . Alterations in integrin expression are known to mediate tumor cell migration and adherence to the endothelium of the capillary bed of the target organ and tumor cell proliferation.
Blocking studies using the functional anti-integrin antibodies evaluated the relevance of integrin ß1 for adhesive capacity of tumor cells in our model. Furthermore, we explored the molecular mechanism responsible for the anticancer effects of simvastatin by inhibition of the ROCK pathway in HCC.
We concluded from these findings that simvastatin may profoundly decrease tumor cell growth and reduce tumor cell adhesion to endothelium by reducing the expression of integrins ß1, ß3 and ·2. We also demonstrated that simvastatin inhibits the ROCK pathway which has prominent effects on the tumor cell growth and adhesion. Taken together, these data suggest that simvastatin may provide a therapeutic advantage for HCC treatment but this requires further evaluation.
Materials and methods
Cell cultures. Human HCC cell lines HepG2 and Huh7 were purchased from Cell Line Services (Heidelberg, Germany). Tumor cells were maintained at 37˚C under 5% CO 2 in RPMI-1640 medium (Seromed, Berlin, Germany) supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 IU/ml penicillin and 100 μg/ml streptomycin (Gibco, Karlsruhe, Germany) and 20 mM HEPES buffer (Sigma, Steinheim, Germany).
Endothelial cells (HUVECs) were isolated from human umbilical veins and harvested by enzymatic treatment with dispase (Sigma, Taufkirchen, Germany). HUVECs were maintained in Medium 199 (Gibco) supplemented with 10% FCS, 10% pooled human serum (Blood Bank of The German Red Cross, Frankfurt am Main, Germany), 20 μg/ml endothelial cell growth factor (Roche, Mannheim, Germany), 5 U/ml heparin (Roche), 100 ng/ml gentamycin (Gibco) and 20 mM HEPES (Seromed). HUVECs were grown in a humidified 5% CO 2 incubator at 37˚C. The purity of isolated HUVEC cultures was controlled by staining with fluorescein isothiocyanate (FITC)-labelled monoclonal antibody against Factor VIII-associated antigene (Von Willebrand factor; clone F8/86; Dako, Hamburg, Germany; FL-1H (log) channel histogram analysis; 1x10 4 cells/scan) and analyzed by FACScan (Becton-Dickinson, Heidelberg, Germany) or microscopically. Only cell cultures with a purity of >95% were utilized for experimental use. Cells were used between passages 2 and 4.
Drug and antibody treatment. Simvastatin was obtained from Calbiochem (Darmstadt, Germany) and activated prior to the experiments by alkaline hydrolysis of the lactone moiety according to the manufacturer's protocol. Tumor cells were treated for 24, 48 and 72 h with various concentrations of simvastatin (0-64 μM) or with vehicle with fresh changes of culture medium and simvastatin after 48 h.
In additional experiments, mevalonate (3.2 mM; Sigma) was added to the medium containing simvastatin to address the simvastatin site of action along the mevalonate pathway. To confirm the involvement of specific pathways, the highly selective Rho-kinase inhibitor H1152 (1 μM; Calbiochem) was added to the medium instead of simvastatin.
Functional analysis of integrins ß1 and ß3 was performed by incubation of tumor cells with human anti-ß1 (10 μg/ml; R&D Biosciences, Wiesbaden, Germany) or anti-ß3 (Millipore, Schwalbach, Germany) antibody for 60 min. Thereafter, cells were applied for adhesion to endothelial monolayer.
Tumor cell growth. Cell Proliferation Kit I (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, MTT; Roche Diagnostics, Penzberg, Germany) was used to evaluate MTTreducing activity of the cellular mitochondria. HepG2 and Huh7 cells (100 μl, 1x10 4 /ml) were seeded onto 96-well tissue culture plates and incubated with simvastatin or vehicle (ctrl) as described above to monitor dose-response. MTT (0.5 mg/ml) was added to each well 24 h before the evaluation of each time-point, and the cells were incubated for 4 h at 37˚C. Thereafter, cells were lysed in a solubilization solution containing 10% sodium dodecyl sulphate (SDS) in 0.01 M hydrogen chloride (HCl) and incubated overnight at 37˚C in 5% CO 2 . The following day the absorbance of each well was measured with a multimode microplate reader (Infinite M200; Tecan, Crailsheim, Germany) at 550 nm. Each experiment was performed in triplicate. After substracting the background absorbance, results were expressed as mean cell number.
Monolayer adhesion assay. To analyze tumor cell adhesion, HUVECs were transferred to 6-well multiplates (Falcon Primaria; Becton-Dickinson) in complete HUVEC medium. When a confluency of ~80% was reached, HepG2 and Huh7 cells were detached from the culture flasks by accutase (PAA Laboratories, Cölbe, Germany) and 0.5x10 6 cells were carefully added to the HUVEC monolayer for 60 min. Subsequently, non-adherent tumor cells were washed off using warmed (37˚C) Medium 199. The remaining cells were fixed with 1% glutaraldehyde. Adherent cells were counted in five different fields of a defined size (5x0.25 mm 2 ) using a phase contrast microscope (x20 objective) and the mean cellular adhesion rate was calculated.
Western blot. Total integrin ß1 (CD29), integrin ß3 (CD61), integrin ·2 (VLA-2·, CD49b), ROCK, MYPT and MYPT (phospho) content in HepG2 and Huh7 cells was evaluated by Western blot analysis using mouse anti-CD29, anti-human CD61, CD49b and mouse anti-ROCK-I (BD Pharmingen, Heidelberg, Germany), goat anti-MYPT1 and anti-p-MYPT1 (Thr 696; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Tumor cell lysates (50 μg protein) were separated by electrophoresis on 7% polyacrylamide SDS gels and transferred to nitrocellulose membranes (Amersham-Buchler, Braunschweig, Germany). Determination of ß-actin with anti-ß-actin antibody (Sigma) served as loading control. Blots were blocked (10% non-fat dry milk in 1 mM Tris, 150 mM NaCl, pH 7.4) for 1 h, incubated 1 h at RT with primary antibody (diluted according to manufacturer's instructions in blocking buffer with 0.5% Tween-20 and 0.5% bovine serum albumin) and then incubated 1 h with horseradish peroxidaseconjugated secondary antibody (Santa Cruz Biotechnology) diluted 1:1000 in blocking buffer with 0.5% Tween-20 and 0.5% bovine serum albumin at RT. Proteins were detected with ECL™ Western blot detection reagents (GE Healthcare, Munich, Germany) and visualized after exposure to X-ray film (Hyperfilm™ ECTM, Amersham, Freiburg, Germany). The film was digitized, and the integrated density of individual bands was determined using the software Multianalyst (Biorad, Munich, Germany). By densitometric measurements using the same software the amount of protein expression was normalized to ß-actin.
Statistical analysis.
All experiments were performed 3-6 times. Differences between groups were determined by Wilcoxon Mann-Whitney U-test. p<0.05 was considered significant. Data are given as mean ± standard error of the mean (SEM).
Results
Simvastatin down-regulates tumor cell growth. Proliferation analysis revealed rapid cell growth of both HepG2 and Huh7 (Fig. 1 ). HepG2 cells demonstrated higher proliferative capacity than Huh7 cells. Both HCC cell lines showed significant reduction in cell proliferation following treatment with simvastatin in a dose-and time-dependent manner compared with controls ( Fig. 1) . However, HepG2 cells already responded to low dose of simvastatin (16 μM) , whereas Huh7 cells demonstrated inhibition of proliferation only at higher simvastatin concentrations (32 and 64 μM). A 48 h and particularly 72 h simvastatin pre-treatment evoked a stronger response than a 24 h pre-treatment in both HepG2 and Huh7 cell lines.
Simvastatin alters tumor cell adhesion to HUVECs. HepG2 and Huh7 cells were treated with 16, 32 and 64 μM simvastatin for 24, 48 and 72 h to study the effect of simvastatin on adhesion to HUVECs. Fig. 2 shows the adhesion kinetics of treated versus non-treated cells. The initial attachment rate of control HepG2 cells to HUVECs was higher than the initial attachment rate of control Huh7 cells to HUVECs. Simvastatin blocked significantly the adhesion of both HepG2 and Huh7 tumor cell lines to endothelium when it was applied for 48 or 72 h in all doses. A 24-h application of 16 μM simvastatin did not prevent HepG2 cell attachment to HUVECs, whereas Huh7 cell adhesion to endothelium was markedly decreased compared to control cells. Generally, both cell lines were more sensitive to high doses (32 and 64 μM) of simvastatin compared to the 16 μM simvastatin application.
To evaluate the effect and specificity of the inhibitory potential of simvastatin, cells were pre-treated with mevalonate in combination with simvastatin. This study was performed with the simvastatin dose of 32 μM with a pre-treatment duration of 48 h. Simvastatin reduced markedly tumor cell adhesion to endothelial cells. Significantly more cells attached to HUVECs when simvastatin was applied in combination with mevalonate (Fig. 3) , although mevalonate alone did not influence the adhesion characteristics of HCC cells (data not shown). To confirm that the effect of simvastatin was mediated through Rho/Rho-kinases, we used the ROCK inhibitor H1152, which largely diminished the attachment rates of tumor cells to levels comparable to those induced by simvastatin. Further studies concentrated on simvastatin doses of 32 and 64 μM. Since both tumor cell lines showed comparable adhesion and growth characteristics, ongoing experiments have been restricted to HepG2 as the representative cell line.
Simvastatin modulates the integrin expression pattern.
Adhesion relevant integrin receptors were analyzed next. ß1 was expressed in both cell lines and decreased when simvastatin was applied for 48 or 72 h. ß3 was also expressed in HCC but decreased significantly when simvastatin was applied for 48 or 72 h. ·2 expression was also diminished in HCC after simvastatin application (Fig. 4 , representative for HepG2).
Functionality of integrins ß1 and ß3.
Tumor cells were preincubated with antibodies against ß1 and ß3 integrins and subsequently allowed to attach to endothelial monolayer. The adhesion rates of both cell lines significantly declined following ß1-receptor blockade as compared with untreated controls (Fig. 5) . ß3-receptor blockade slightly reduced the adhesion rates of tumor cells but these changes were not significant (data not shown).
Simvastatin modifies the ROCK activity. Next, the expression status of Rho/Rho-kinase and myosin phosphatase targeting subunit, Thr 696 -MYPT1, a marker for Rho-kinase activity, were determined. Western blot analysis for ROCK showed that ROCK was suppressed by simvastatin treatment. Additionally, simvastatin diminished Rho-kinase activity as demonstrated by reduced phosphorylation of MYPT and induced significant reduction of ß1, ß3 and ·2 integrin expression (Fig. 4 and 6 ).
Discussion
The present study showed that simvastatin effectively downregulated tumor cell growth and adhesion capacity of HCC cells to endothelium and that these effects were associated with the decreased expression of ß1, ß3 and ·2 integrins. These changes were in parallel to the level of relative protein expression of ROCK and its activity as shown by reduced phosphorylation of its substrate MYPT, suggesting that the (15) . Thus, the inhibitory potential of simvastatin could counteract metastasis of HCC and recurrence by suppressing tumor transmigration and consequently its progression. Statins have been described to alter numerous cellular mechanisms. In vitro and in vivo studies showed that statins inhibit tumor cell growth, induce apoptosis, inhibit angiogenesis and impair the metastatic process (16) . Although simvastatin has been demonstrated to modulate the pathogenesis of many cancer types by inhibiting tumor cell growth dynamics, data on simvastatin induced effects on hepatocellular carcinoma are sparse (11, 17, 18) . The present in vitro model reveals that simvastatin significantly influenced both the cell growth and adhesion behaviour of human hepatocellular carcinoma cells HepG2 and Huh7. Interestingly, treatment of HCC cells with simvastatin for 2 or 3 days was necessary to significantly reduce cell growth, whereas adhesion was reduced already after 24 h treatment with simvastatin. The reason for this is not clear. Previous studies point also to the HMG-CoA reductase inhibitors pravastatin or fluvastatin, which inhibited hepatocellular carcinoma cell proliferation and induced apoptosis (19) . Also in rat HCC models, both compounds demonstrated beneficial effects, since they inhibited the neoplastic development, cancer progression and improved survival (20) (21) (22) . As statins are widely used in patients with hypercholesterolemia, the cancer risk and recurrence among statin users versus non-users is gaining increasing interest. Indeed, pravastatin prolonged the survival of patients with advanced HCC, with enhanced median survival from 9 to 18 months (23) . Recently it has been reported that combined therapy of chemoembolization and pravastatin improved survival of patients with advanced HCC compared with patients receiving only chemoembolization (24) . Combined therapy of leucovorin with simvastatin exerted promising anti-tumor activity in metastatic colorectal cancer patients (25) . Thus, the most attractive application of statins will probably be as part of multidrug therapy.
To analyze the underlying biological mechanisms in simvastatin-induced HCC cell reduction, integrin receptor expression was evaluated, since integrins play a decisive role in tumor metastasis by mediating tumor cell targeting, arrest, adhesion and migration (26) . Integrin ß1 subunit has been reported to be expressed on the surface of HCC cells and involved in HCC chemotaxis (27, 28) . Moreover, ß1 integrin overexpression may protect hepatoma cells from apoptosis and contribute to chemotherapy resistance in HCC (29) . In the current study, simvastatin reduced ß1 expression. Furthermore, blocking studies using the functional anti-integrin ß1 antibody resulted in strongly decreased adhesion of tumor cells to HUVECs revealing the functional impact of this integrin on adhesive capacity of tumor cells. Increased ß3 integrin expression was associated with tumorigenesis and metastasis of HCC (30) . Down-regulation of osteopontin inhibited HCC cell growth, tumorigenicity and lung metastasis, effects accompanied by suppressed expression of ·v, ß1 and ß3 integrins (30) . Simvastatin reduced ß3 integrin expression accompanied by reduced tumor cell growth and adhesion to endothelium. We also found a strong reduction of integrin ·2 after simvastatin pre-treatment of HCC cells. ·2 integrin expression has been previously detected on HCC cells (27) . Inhibition of ·1, ·2 and ß1 integrins significantly inhibited HCC cell migration induced by several growth factors (31) . Expression levels of many different integrins are altered during cancer progression. Carcinogenesis of hepatocytes is also associated with a switch of integrin expression including an increase in ·2ß1 expression (32) . Based on our results and reports of others, we conclude that tumor development might be caused by enhanced expression of certain integrin subtypes. However, we speculate that simvastatin reduced expression of integrins ß1, ß3 and ·2 resulted in diminished adhesion capacity of HepG2 and Huh7 tumor cells.
The molecular mode of action of simvastatin in the modulation of HCC progression is not clear. Previous studies have identified numerous mediators of the carcinogenic processes involved in HCC. The Rho-kinases (ROCKs) are downstream effectors of Rho, a member of the Rho family small guanosine triphosphatases. Rho/ROCK pathway is involved in many aspects of cell motility including cell migration (33) . Rat hepatoma cell transmigration through a cultured mesothelial cell monolayer is Rho/ROCK dependent (34) . In line with these results, ROCK inhibition in vitro and in vivo resulted in reduced cell motility and intrahepatic metastatic dissemination of HCC cells (34) (35) (36) . Recently, overexpression of ROCK was frequently found in primary HCCs and correlated with the presence of tumor microsatellite formation (10) . Knockout of ROCK in HCC cells markedly inhibited myosin phosphatase phosphorylation and cell migration and invasion in vivo and in vitro (10) . These findings are in line with our results showing that ROCK expression and MYPT phosphorylation are frequently detectable in HCC. Simvastatin has the potential to reduce the activities of the Rhoassociated protein kinases (ROCKs/ROCK1 and ROCK2) (37, 38) . However, its role in HCC has not been described previously within this context. Our study demonstrates that simvastatin inhibits ROCK expression as well as its activity, since MYPT phosphorylation is down-regulated in HCC, an effect accompanied by reduced tumor cell growth and adhesion to endothelium (Figs. 1-3 and 6 ).
In conclusion, ROCK activation plays an important role in the carcinogenesis of HCC, since its inhibition by simvastatin may be associated with reduced tumor cell growth, adhesive capacity to endothelium and integrin expression. Hence, our results demonstrate the anti-carcinogenic and beneficial role of simvastatin in our HCC cell model and suggest that simvastatin may represent an attractive candidate for therapeutic intervention.
